We report on the time development of surface photovoltage ͑SPV͒ and electron paramagnetic resonance ͑EPR͒ spectra for C 60 films irradiated by room light in air. Such exposure is shown to result in the progressive reduction of the SPV signal at 0.9-1.1 eV and in an increase in the signal at approximately 1.3 eV, as well as in the reduction of the signals at about 1.6 and 2.3 eV. A decrease in the dark contact potential difference signal as a result of surface band-bending reduction is also observed after exposure. These results are explained assuming that gap states at E c Ϫ(0.9-1.1) eV in our samples are attributed to nonbonded intercalated O 2 in the C 60 lattice while other states at E v ϩ1.3 eV are related to oxygen chemically bonded to the C 60 molecules. EPR measurements reveal that light/air exposure causes an increase in the number of C 60 ϩ paramagnetic defects. A hypothesis has been suggested that the recombination centers at E v ϩ1.3 eV and the C 60 ϩ paramagnetic centers have the same origin and are attributable to carbon dangling bonds.
I. INTRODUCTION
Much research has been devoted to the studies of the interaction of oxygen with C 60 fullerene. [1] [2] [3] [4] [5] [6] [7] [8] [9] Among them, some studies 2, [5] [6] [7] [8] have revealed a drastic but reversible reduction of dark conductivity and photoconductivity in C 60 films upon their exposure to air ͑oxygen͒. This effect can be reversed by annealing of the sample in vacuum at 160-180°C. In other words, molecular oxygen is reported to be absorbed by but not to react with the C 60 molecules. On the other hand, illumination of C 60 films in the presence of oxygen causes larger and irreversible changes in conductivity. 6, 9 It has been suggested 6 that illumination of C 60 films in air promotes a C-O reaction that damages the C 60 molecules, producing carbon dangling bonds or other defects that possibly generate subgap states. Furthermore, a progressive decrease in photoconductivity as well as redistribution between its fast and slow components were reported for C 60 films irradiated by light in air. 10 This also points to a generation of recombination centers with deep levels in the gap during the light/air exposure. However, information about the energetic location in the gap and the charge state of these defects is quite limited or simply nonexistent. Such knowledge is necessary not only to fabricate stable devices based on oxygenated C 60 films for practical use, for example, solar cells, [11] [12] [13] or to understand the origin of photoelectrical degradation in the films under light exposure in air, but also to elucidate the photogeneration and transport mechanism in both oxygenated and oxygen-free C 60 films. ͑We use the term ''oxygenated'' to refer to films exposed to the atmosphere prior to measurements, and the term ''oxygen-free'' to refer to films prepared and measured in vacuum.͒ To shed more light on this issue we study a modification of surface photovoltage ͑SPV͒ and electron paramagnetic resonance ͑EPR͒ spectra for C 60 films irradiated by light in air. EPR spectroscopy is a powerful tool for probing the charge state of defects as well as for determination of the density of paramagnetic centers in a solid and, in particular, in fullerene films and crystals.
14 SPV spectroscopy is a wellknown method for the study of electronic structure of semiconductor materials. 15, 16 The SPV spectrum contains information about the optical and electronic properties of semiconductor: band-gap energy and characteristics of gap states. Gap state energy positions with respect to the bands may be determined from the positions of slope changes in the SPV spectrum caused by photon assistant population or depopulation of localized states. SPV formation requires both photogeneration and transport of charge carriers.
II. EXPERIMENT
C 60 thin films were deposited on different types of substrate ͑optical glass, sapphire, etc.͒ using a vacuum deposition technique. 17 The starting C 60 powder ͑Super Gold Grade, Ͼ99.9%͒ was commercially obtained from Hoechst AG. The vacuum chamber pressure was maintained at about 8ϫ10 Ϫ7 Torr using a diffusion pump. The deposition rate was 2-4 Å s
Ϫ1
. The temperature of the substrates was varied from 25 to 170°C. The thickness of films studied in this manner varied from 1500 to 4000 Å. a͒ Electronic mail: keugene@bgumail.bgu.ac.il All measurements were performed in air at room temperature. Some of the samples were subjected to room light irradiation in air, at room temperature. By room light irradiation we mean a combination of daylight and fluorescent room light during the working day. X-ray diffraction studies revealed that the structure of the films may vary from amorphous to fcc polycrystalline and the degree of crystallinity depends on the type and the temperature of the substrate and on the rate of deposition. 17 Measurements of the contact potential difference ͑CPD͒ between the gold probe and the sample, and also the SPV spectroscopy study, were carried out using a commercial Kelvin probe ͑Besocke Delta Phi, Jülich, Germany͒ with a sensitivity of ϳ1 mV. The optical carrier generation in the photon energy range of 0.62-3.1 eV was provided by a tungsten halogen light source and a 0.25 m single monochromator ͑Oriel͒.
18
Details of the EPR measurements are given elsewhere. 19 EPR spectra for the C 60 films before and after postdeposition treatments ͑described below͒ were recorded using a Bruker EMX-220 digital X-band spectrometer. The amplitude of 12.5 and 100 kHz modulation and the microwave power level were chosen at subcritical values ͑0.5 G and 20 mW correspondingly͒ to reach the best signal-to-noise ratio. Processing of EPR spectra ͑digital filtering, double integration, etc.͒ was performed by Bruker WIN-EPR Software.
III. RESULTS
A. Time development of SPV spectra with light/air exposure Figure 1 shows the SPV spectra obtained after various amounts of exposure of the C 60 film to room light in air: curve 1, before exposure ͑the as-grown film͒; curve 2, after 2.5 weeks of exposure; curve 3, after 3.5 weeks of exposure; curve 4, after 3 months exposure. To begin we will concentrate on the SPV spectrum for the as-grown film ͑curve 1 in Fig. 1͒ . It is possible to distinguish three particular regions in the spectrum. Region A commences with the onset of a negative SPV signal at approximately 0.9 eV and includes a sign change in the slope of the SPV spectrum at approximately 1.3 eV. For convenience, we use the sign change in slope at approximately 1.3 eV to subdivide region A into sections labeled A 1 and A 2 . Region B commences with the sharp increase in the SPV signal at approximately 1.6 eV. The clear defined signal at about 2.3 eV determines the C region.
It should be noted that the signal at the A 2 region may vary considerably for as-grown samples with different crystalline structure. For example, Fig. 2 shows an absence of the A 2 region in the SPV spectrum for a C 60 film with a high degree of crystallinity grown on a sapphire substrate. On the other hand the A 1 region is present in the spectra for all as-grown C 60 thin films we have studied. The energy position of this signal varies from one sample to another in the range 0.9-1.1 eV.
With an increase of the exposure time ͑curves 2, 3, and 4 in Fig. 1͒ one can observe a successive decrease in the A 1 signal and an increase in the A 2 signal. A corresponding reduction of the B and C signals is also observed. For example, after 3 months of exposure one discovers that the A 1 signal has disappeared and that the A 2 signal has a positive sign and its intensity almost equaling that of the SPV signal in region C. Figure 3 displays the evolution of the dark CPD signal resulting from the light/air exposure of the studied sample. A positive value for CPD value indicates that the work function at the film surface is higher than that of the gold probe. A sharp reduction in the dark CPD signal was observed during the first 3.5 weeks of the exposure ͑from ϩ80 to Ϫ225 mV͒. From then on ͑from 3.5 weeks to three months of exposure͒ the signal decreased very slowly.
B. Generation of light-induced paramagnetic defects
Illumination of our samples by room light in air was found to cause an increase in intensity of a sharp Lorentzian EPR signal having the same spectral parameters ͑g factor ϭ2.0026Ϯ0.0002, ⌬H pp ϭ0.124Ϯ0.005 mT͒ which were recently observed for as-grown C 60 films and attributed to C 60 ϩ FIG. 1. SPV spectra of a C 60 film on glass substrate measured after exposure of the sample under room light in air for various periods of time: ͑1͒ before exposure ͑the as-grown film͒; ͑2͒ after 17 days of exposure; ͑3͒ after 25 days of exposure; ͑4͒ after 84 days of exposure. radicals located in the bulk of the film. 19 The number of C 60 ϩ paramagnetic defects for thin films with both amorphous ͑EPR active in the as-grown state 19 ͒ and crystalline ͑EPR silent in the as-grown state 19 ͒ structure increased under light/ air exposure while no other EPR signals were observed. Figure 4 illustrates an example of the effect of room light irradiation in air on the density of the paramagnetic defects in C 60 films. The sample was first kept in the dark, in air, for one month after which the spin density was found to be the same as for the as-grown state and equal to 0.3 ϫ10 17 spin g
Ϫ1
. When the sample was exposed to room light, in air, for 30 days the EPR spectrum showed a significant increase of signal intensity ͑up to 2.1ϫ10 17 spin g Ϫ1 ͒. The sample was then kept in the dark for 140 days and periodic measurements being made ͑in the dark͒. These measurements indicated that the signal remained almost unchanged.
IV. DISCUSSION
Taking into account the known value of the mobility gap 2.3 eV 20 we can attribute the SPV signal in region C ͑see, for example, curve 1 in Fig. 1͒ as a valence band-conduction band photoinduced transition. The negative sign of this signal indicates the n type of conductivity of the C 60 films. The A 1 and A 2 regions indicate, respectively, the contribution of a depopulation and a population of gap states the energy positions of which will be determined afterwards. ͑An increase of the ''negative'' slope in a subgap region for an n-type semiconductor indicates the depopulation of a gap state while its decrease or, even change in sign from ''negative'' to ''positive'' corresponds to the population of a gap state 15 ͒. The existence of gap states with energy 0.9-1.1 and about 1.3 have been confirmed by photoluminescence and optical modulation spectroscopy measurements of our samples. These results will be published elsewhere. 21 The origin of near-gap optical absorption and, in particular, of region B in the SPV spectra is still under discussion. 18 The optical absorption of C 60 thin films is known to extend from the gap energy forming a tail on the lower energy side. 22 A series of weak absorption structures have been observed in the tail of the optical and photoacoustical spectra. 23, 24 These structures have been ascribed to either exciton levels or the splitting due to vibronic modes of the molecules. Specifically, the absorption at 1.65 eV has been related to h u →t 1u intramolecular excitation. [25] [26] [27] It is well known that pristine solid C 60 exhibits semiconductorlike behavior in its optical absorption and electron transport properties and yet retains a molecular character. 22, 28, 29 To describe the tail in optical absorption and, in particular, region B of the SPV spectra we adopt an approach similar to that used in amorphous semiconductor physics. 30 We have presented elsewhere 18 our arguments for evidence of the presence of band tails of localized electronic states extending towards the forbidden gap ͑to 1.6 eV͒ as well as a discussion of the possible origin of the tails. This approach is consistent with those used by other authors for analysis of optical absorption 31 and the light intensity dependence of photoconductivity 31, 32 in C 60 solids. The theoretical suggestion 33 and the experimental observation 34 that exponential tails in the density of states observed in the optical absorption spectra of semiconductor may originate from exciton transitons in the presence of electrical microfield may be a possible ''bridge'' between semiconductor ͑band tails of localized electronic states͒ and molecular ͑excitonic͒ approaches to C 60 .
All of the above features may be summarized by the following electronic structure which, quantitatively, we have suggested previously.
18 ͑1͒ A mobility gap with a value of about 2.3 eV can be identified with the SPV signal in the region C. ͑2͒ The signal in region B is caused by band ͑or tail͒-to-tail electron excitation, the distance between the valence band ͑or the valence band tail͒ and the conduction band tail being 1.6 eV. This value may also be identified with the optical gap. 
FIG. 4.
Dependence of EPR spectra of the C 60 thin film on its subsequent treatment: ͑a͒ the sample was kept a month in the dark; the sample was kept at ambient conditions ͑room-light/air͒ for ͑b͒ 8 days, ͑c͒ 23 days, and ͑d͒ 30 days; the sample was kept and recorded in the dark for ͑e͒ 9 days, and ͑f͒ 140 days. All spectra were recorded at the same conditions and can be compared by the signal intensities. Vertical shift of the base line was introduced for graphical presentation. the midgap as required by the low intrinsic conductivity of the material. 6 The electron excitation at the photon energy 0.9-1.1 eV ͑A 1 region͒ may be interpreted as an electron transition to the bottom of the conduction band tail (E c ) from a donor ͑i.e., below the Fermi level͒ gap state situated at E c Ϫ(0.9-1.1) eV. Kaiser et al. 7 reported that intercalated oxygen creates electronic states in the gap around 1 eV and Nissen et al. 35 and recently Habuchi et al. 36 demonstrated for C 60 films exposed to air in the dark that photoluminescence clearly observed at 0.96-0.98 eV is related to intercalated O 2 . Therefore, we believe that the states at E c Ϫ(0.9-1.1) eV in our samples are attributable to intercalated ͑nonbonded͒ oxygen in the C 60 lattice. This accounts for the experimental facts that a SPV signal at 0.9-1.1 eV is present in the spectra for all oxygenated C 60 samples and decreases immediately after postgrowth annealing. 18 The signal at a photon energy of 1.3 eV ͑A 2 region͒ is attributable to electron excitation from the top of the valence band ͑or the valence band tail͒ (E v ) to an acceptor gap state ͑situated above the Fermi level͒ at E v ϩ1.3 eV.
Additional information may be obtained by joint analysis of the time development of the SPV spectra, the dark CPD signal and the EPR results under irradiation of the C 60 films by room light in air. We may understand the gradual decrease in the SPV signal in the A 1 region and the increase in the A 2 signal with increasing exposure time ͑Fig. 1͒ assuming that the gap states at E v ϩ1.3 eV are related to oxygen chemically bonded to fullerene molecules. In the other words illumination of the C 60 film in the presence of oxygen stimulates the formation of C-O compounds 6,37-39 that results simultaneously in an increase in the density of states at E v ϩ1.3 eV, related to oxygen in chemically bonded state and in a decrease in the density of states at E c Ϫ(0.9-1.1) eV, related to unbonded intercalated O 2 . This process results in the redistribution between the intensities of the SPV signals in the A 1 and A 2 regions seen in Fig. 1 . One can observe the final result of this redistribution in the SPV spectrum for the sample exposed for three months where the A 1 signal has completely vanished ͑curve 4 in the Fig. 1͒ . In this case the electron excitation from the E v to the state at E v ϩ1.3 eV which is indicated by the positive sign of the slope of the SPV spectra ͑Fig. 1͒ produces a positive SPV signal in the A 2 region. This model also explains the results of Habuchi et al. 36 who reported a decrease in photoluminescence peak at 0.968 eV related to intercalated O 2 under laser irradiation of the C 60 film in air.
The suggested model is also consistent with the decrease in dark CPD signal observed after light/air exposure of the C 60 film ͑Fig. 3͒. The CPD signal is determined by a difference between work functions of the gold probe and the studied sample. CPD evolution under light/air exposure should originate from a variation of the band bending at the front surface region of the C 60 film. Because the gap states at E c Ϫ(0.9-1.1) eV are located below the Fermi level and are filled by electrons, generation of such states leads to an increase of surface electronegativity and band bending. On the contrary, reduction of the density of such states, as occurs under our experimental conditions results in a decrease in the surface band-bending value and in the corresponding dark CPD ͑Fig. 3͒.
Presently, dark CPD is known to be one of the parameters of semiconductor material which determine the SPV signal. 15, 16 Accordingly, suppression of the main SPV signals under the light/air exposure might be expected to be caused by CPD reduction. However a sharp reduction in the dark CPD ͑from ϩ80 to Ϫ225 mV͒ was observed during the first 3.5 weeks of exposure, followed by a relative gentle decrease from 3.5 weeks to three months of subsequent exposure ͑Fig. 3͒. On the other hand, it is during this latter period of the exposure that one can observe the main decrease in SPV signal for the B and C regions ͑Fig. 1͒. In our opinion, this reversal is due to a generation of recombination centers at E v ϩ1.3 eV which dominate in the SPV spectrum for the film irradiated for three months ͑curve 4 in Fig. 1͒ . These centers decrease the life time of the charge carriers and, therefore, the intensities of the main SPV signals.
Since the EPR signals with the same spectral characteristics were found for as-grown C 60 thin films 19 and for the films which had undergone the light/air exposure we conclude that all these signals belong to the same kind of C 60 ϩ paramagnetic centers. The density of these centers strongly correlates with the degree of crystallinity for as-grown samples 19 and increases under light/air exposure ͑Fig. 4͒. The intensity of the SPV signal at 1.3 eV ͑region A 2 ͒ exhibits a very similar behavior. It also diminishes with improvement of the crystallinity for the as-grown films ͑Fig. 2͒. Like the density of the paramagnetic centers, it gradually increases under light irradiation, in air. All these experimental results together with the fact that the g factor of all our EPR signals is very close to that of carbon dangling bonds (g ϭ2.0027) 40, 41 leads us to formulate the following hypothesis: the recombination centers at E v ϩ1.3 eV and the paramagnetic centers observed by EPR spectroscopy have the same origin and are attributable to carbon dangling bonds ͑or similar-behaved defects͒.
For C 60 films illuminated in air the formation of C-O chemical bonds is accompanied by the creation of C-C dangling bonds. 6, [37] [38] [39] This results in the generation of paramagnetic centers as well as a growth of the SPV signal in the region A 2 and a decrease in all other SPV signals. This hypothesis accounts for the results described above and also helps to elucidate a major part of the nonunderstandable problems associated with light-induced paramagnetic defects in C 60 thin films which we recently enumerated. 19 For the as-grown films these paramagnetic recombination centers are presumably related to growth defects in the C 60 film microstructure. However, there is a serious problem with explaining the appearance of dangling bonds in asgrown C 60 films with defective crystalline structure. After all, reduction in the degree of crystallinity for Van der Waals crystals would not be expected to lead to the appearance of dangling bonds. Nevertheless, there is strong experimental evidence for correlation between the crystalline structure of C 60 films and their optical and electronic properties. 9, 17, [42] [43] [44] Further research is therefore needed to understand either how the crystalline structure of C 60 films affects their electronic properties, or how formation of a defect crystalline structure during the growth process is accompanied by the appearance of imperfections inside the individual C 60 molecules ͑e.g., dangling bondlike͒.
V. CONCLUSION
We report on the time-development of surface photovoltage ͑SPV͒ and electron paramagnetic resonance ͑EPR͒ spectra for C 60 films irradiated by room light in air.
Such exposure is shown to result in the progressive reduction of the SPV signal at 0.9-1.1 eV, and in an increase in the signal at approximately 1.3 eV, as well as in the reduction of the signals at about 1.6 and 2.3 eV. A decrease in the dark CPD signal as a result of surface band-bending reduction is also observed after exposure. These results are explained assuming that gap states at E c Ϫ(0.9-1.1) eV in our samples are attributed to nonbonded intercalated O 2 in the C 60 lattice while other states at E v ϩ1.3 eV are related to oxygen chemically bonded to the fullerene molecules.
It is demonstrated that the states at E v ϩ1.3 eV act as recombination centers limiting the lifetime of charge carriers, which in turn, decrease the SPV signals in the regions of band-to-band ͑above 2.3 eV͒ and, band͑or tail͒-to-tail ͑1.6-2.3 eV͒ transitions. EPR measurements reveal that light/air exposure causes an increase in the number of C 60 ϩ paramagnetic defects.
A hypothesis has been suggested that the recombination centers at E v ϩ1.3 eV and the paramagnetic centers observed by EPR spectroscopy have the same origin and are probably attributable to carbon dangling bonds.
